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EFl-’ECT OF FUEI; PROPEHTiEB ON 


PEUFORMANCE OF A SINGLE 


AIRCRAFT TURBOJET COMBUSTOR AT SIMULATED IDLE, 
CRUIBE, and TAKEOFF CONDITIONS 


by Helmut E. Butze and Arthur L. Smith 


Lewis Research Center 


SUMMARY 

The perfoi'mance of a JT8D single combustor was determined at simulated 
idle, cruise, and takeoff conditions with a number of petroleum-based fuels ex- 
hibiting wide variations in volatility and chemical composition. In addition, sev- 
eral fuels obtained from oil shale and refined to jet and diesel specifications were 
tested. The fuels and fuel blends were chosen to investigate the effect on combus- 
tor performance of broadened fuel specifications with particular emphasis on in- 
creased aromatic content and on increased final boiling point. Performance pa- 
rameters investigated were combustion efficiency, pollutant em.issions including 
smoke, and maximum liner temperatur/-s. Hydrogen contents of the fuels inves- 
tigated ranged from 11.0 to 15.3 percent. 

The most pronounced effects of changes in fuel composition were observed 
at simulated cruise and tal^eoff conditions where smoke and liner temperatures 
increased significantly as the hydrogen content of the fuel decreased. Slight in- 
creases in NO^ emissions were observed with decreasing hydrogen content of the 
fuels. Combustion efficiencies, as determined by gas analysis, were 99.9 percent 
or above for all the fuels. 

At the simulated idle condition, no significant effects of fuel quality on combus- 
tor pex’form:mce were observed. Emissions of carbon monoxide and unburned hy- 
drocarbons increased slightly-and accordingly combustion efficiencies decreased 
slightly as the hydrogen content of the fuels decreased. 


INTRODUCTION 

An experimental investigation was conducted to determine the effect on com- 
bustor performame of buxmlng jet fuels with properties differing appreciably f)x>m 
those of fuels presently supblied under current aircraft gas turbine fuel specifica- 
tions. The principal differences were increases in aromatic content and in final 


N 


boiling point. Additionally., aovoral inoi,s obtain, d f rom oil . shab' .sync rudos wore 
investigated. 

InXho past, the petroleum industry ha,s been aVilo I" supply airoraii opera- 
tors with an adequate supply of jet fuels ri'fined to rathf'V narrow spocilioations, 
tailored to minimize the problems ol fire hazard and cd fuel xreez. - ui) at allitutle 
and to pi-omote clean burning in the engines (rei. 1). The ever • increasing i*e- 
liance of the U.S. petroleum industry on foreign crudes, some with rather high 
aromatic contents, has not only made it more difficidi to meet current jet fuel- 
specifications, but has created a highly undesirable supply problem both from 
the standpoint of national security and of economic stability. 

In the future, aviation turbine fuels may be prodtu J from a variety of 
sources including petroleum, tar sands, shale oil , and coal syncrudes. Due to 
practical limitations in the degree of. refining, such fuels may differ significantly 
from those produced under current jet fuel specifications. Accordingly, the test 
fuels used in the investigation being reported herein were chosen to give wide 
variations in chemical composition and in volatility. This investigation, which 
was an extension of a previous program (ref. 2), was conducted with a singlo 

can JT3D combustor at simulated idle, cruise, and lakooff conditions. In the 
investigation reported in reference 2 a more limited number of fuels had been 
tested at idle and cruise condiUons only. Combustor performance with the var- 
ious fuels was judged primarily on the basis of combustion efficiency, pollutant 
emissions Including smoke, and flame radiation as evidenced by changes in com- 
bustor liner temperatures. 


TEST FACILITY AND COMBUSTOR INSTALLATION 

The tests were conducted with a single JT8D comouslor housed in a closed- 
duct test facility connected to the laboratory air supply .';l.au,st system. Ihc 
test facility, shown schematically m figure 1 was capable of supplying the rt^ 
qulred flow rates at the specified combustor inlet prcssui'es and tempi'ratuics 

with nonvitiated air. 

The JT8D liner, utilizing a standard duplex fuel n zzlo, was installed in the 
test facility as shown in figure 1. Although the use oi circular housings did not 
provide the actual engine combustor Inlet a.ncl c.\if geometry, it was felt that this 
expedient would not compromise the combustor pertormance parameters of hi- 
terest in this investigation, cspccial.lv since the tests were primarily compari - 
sons between the standard (let A and the' other lucls tes ed. 


The combustor instrumentation stalu>ns are shown in liRure 2. InloU air tchv 
peratures were measiu’cd at station A-A with liv^o ehromol-alumcl thermocMn.ples 
while exit temperatures were, measured at station B B with eii;ht five- point - 
ehromel alumel thermocouple rakes. Combustor- ini el and exit static pressures 
were dotei'niinod at stations A A and B- B. respectively. 

Exhaust. gas samples for gas analysis were obtained by means of four wateiv 
cooled sampling probes located at stal^jn C- C. Each probe had five sampling 
ports located at the centers .of equal areas-, the gas collected from all 20 ports 
was passed to a common manifold and from there through steam-heated lines to 
a gas analysis console. The exhaust gas was analyzed for concentrations of COg, 
CO, unburned hydrocarbons, and oxides of nitrogen in accord with the recom- 


mentations set forth in reference 3. 

Smoke content of the exhaust gas was determined by passing metered vol- 
umes of gas through a filter paper with resultant deposition on the paper of the 
soot particles contained in the gas. The :’arkncss of the stain on the paper, as 
determined by optical means, is a measure of the soot in the sample. The smoke 
measurement technique is in accordance with SAE recommended practice, as 
described in reference 4, 

Liner temperatures were measured by 10 ehromel- alumel thermocouples 
installed on the liner at the locations shown in figure 3. The positions of the 
thermocouples were selected on the basis of previous experience and as a result 
of calibration tests with temperature- indicating paints. Since the number of 
thermocouples installed on the liner must necessarily be limited, it is possible 
that some locations on the liner experienced even higher temperatures than those 
surveyed. However, it is felt that the thermocouple locations wore satisfactory 
from a comparative viewpoint and were sufficient to represent liner hot spots and 
to serve as a valid comparison between the various fuels tested. In all cases, 
maximum recorded liner temperatures were registered by either one of two 
thermocouples, as shown in figure 3. For takeoff and cruise, the thermocouple 
closest to the spark plug (fig. 3) consistently registered the highest liner tem- 
peratures while, for idle, the maximum liner temperature was recorded at the 
downstream position. 


TEST CONDITIONS 

Tests were conducted at the combustor-mlet conditions shown in table 1. 
Althougli variations may exist among the various engine models, these conditions 
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were considered to be typical of idle., cruise, and takeoif operalion ol the JT81) 
engine. At each condition fuel flows were varied over a suificicntly wide range 
so as to bracket the desired fuel- air ratios. 

FUELS 

The fuels used in this investigation were selected to give wide variations in 
chemical compositon and boiling range. Fuels containing varying percentages 
of paraffins, naphthenes, and single- and double- ring aromatics were used, 
either in pure form or blended with Jet A to give the desired composition. 
Variations in final boiling point were obtained with fuels in the diesel fuel 
range. In addition, three fuels obtained from oil- shale syncrude and refined 
to JP‘^4, JP-5, and Marine Diesel specifications were tested. The oil- shale 
derived fuels were part of a production run of 5765 bbl of various military fuels 
refined from 10 000 bbl of crude shale oil produced by the Paraho process using 
shale mined from the Naval Oil Shale Reserve located at Anvil Points, Colorado 
(ref. 5). A list of the fuels and fuel blends is given in table II. 

In the past jet fuels have been characterized mainly by their physical prop- 
erties; their chemical properties have been described primarily by limiting 
specifications of the sulfur, olefin, and aromatic contents. The practice of 
characterizing jet fuels by their aromatic content leaves a lot to be desired. 

In the first place, results obtained by different investigators using the ASTM 
test method (ref. 6) have not always been in good agreement, especially for 
aromatic concentrations greater than 20 percent by volume. Additionally, the 
test method does not distinguish between single- and multiple- ring aromatics or 
between simple unsaturated ring compounds and those having large aliphatic ride 
chains. 

In view of the shortcomings of the aromatic- content designation it has been 
suggested by many observers that jet fuels should be characterized by their 
hydrogen content. In general, the hydrogen content of a fuel decreases with 
increasing aromaticity. However, since the aromatic content designation does 
not uniquely specify the hydrogen content, the correlation can be described by 
a band rather thiui a single line. 

One of the problems with using percent hydrogen as a measure of fuel qual- 
ity is the fact that, at the present time, the determination of fuel hydrogen con- 
tent has not been standardized. In the past, hydrogen content has been deter- 
mined cither by correlation or by one of several difterent analytical techniques 


(rofs. 7 and 8), often with |x>or asreement iHitwcc.'n ihem. Ueeentl;V. anew aiw* 
l,\tical teelmiquc, the ’’Nuclear Magnetic Uesonanei*” metlood (ref. 9), has been 
introduced which claims simplicity of operation and a precision of tO. 1 percent 
hydrogen over the range from 13 to 15 percent hydrogen. 

Because some of the more advanced analytical methods were notjrcadily 
available at the time, this program was conducted, it was necessary to use sev- 
eral different methods to get values of hydrogen and ai’omatic content for all the 
fuels listed in table II. In some cases, the blending stocks were commercial- 
grade pure fuels so that the hydrogen content could be computed from their 
chemical formulas. 

Values of aromatic content, as determined by two different analytical tech- 
niques and, in some cases, calculated from the blending ratios, showed rela- 
tively poor agreement between the various methods. Thus, it was felt that h.y-. 
drogen content is a much better measure of fuel quality than aromatic content. 
As a result, all the data presented in this report are shown as a function of 
fuel hydrogen content. A compariron of the values for hydrogen and aromatic 
contents obtained by the various analytical techniques and by calculation is 
show'n in table III. 


DISCUSSION OF RESULTS 

The effects of changes in fuel composition on combustor performance were 
evaluated at simulated takeoff, cruise, and idle conditions. The only major ef- 
fects were significant increases in smoke and in maximum liner temperatures 
with decreasing fuel hydrogen content. The other performance parameters, at 
all three test conditions, exhibited only minor-effects as the result of changes 
in fuel hydrogen content. The effect cf fuel volatility could not be determined 
directly since it is impossible to vary volatility independently while keeping the 
other fuel properties constant. Variations in volatility were probably respon- 
sible for some of the scatter experienced in the plots of performance against 
hydrogen content. The most pronounced effect of fuel volatility on performance 
would be expected at high altitudes where bh'wout and I'elight capabilities could 
be seriously impaired by reduced fuel volatility; hovvever. this effect was not 
investigated in this program. 
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Takeoff and.j;iruise 


Smoke. - The effects of decreasing fuel hydrogen content on smoke number 
are shown in figures 4 and 5 for both takeoff and cruise. At both conditions, 
smoke numbers increased sharply.with decreasing hydrogen content.. Although 
■he effect of reduced hydrogen content on smoke formation h.ns been well sub- 
stantiated in the literature (ref. 10), the steepness of the curves emphasizes the 
severity of the problem. Thus, where fuels with hydrogen contents in the Jet A 
range produce smoke umbers near the visibility threshold, substantial in- 
ci eases in aromatic con..ent of jet fuels could severely aggravate the smoke 
problem. 


Ma^i LmumJiner temperatures. - The effect of fuel hydrogen content on 
maximum liner temperatures is shown in figure 6. At both takeoff and cruise 
crnditions, maximum liner temperatures increased greatly with decreasing fuel 
hydrogen content. As the aromaticity of the fuels increases, the flames be- 
come more luminous and radiation to the- liner increases sharply. The steep 
si pe of the curve at cruiso suggests that fuels with hydrogen contents of 12.5 
percent or less could bring about severe liner durability problems. One- pos- 
sible solution to the problem of excessive metal temperatures might be the use 
-f thermal- barrier coatings. In an investigation in which a JT8D combustor liner 
vas coated with a thermal-barrier ceramic coating (ref. 11), substantial reduc- 


'lons in maximum liner temperatures were achieved with both Jet A fuel and a 
highly aromatic fuel blend with a hydrogen content of 12. 5 percent. Other ap- 
proaches toward reducing metal temperatures might be found in combustor mod- 
Mcations, such as staged combustion and leaner primary zones (refs. 12 and 13) 
Pi^gI.. BggLQrm ance pa r ame te r s . - Emissions of NO^ as a function of fuel 
hydrogen content are shown in figure 7. At cruise, a very slight increase in 
NO^ emissions was observed as the fuel hydrogen content decreased, at tako- 
■'' the .‘fleet was more pronounced. The mcrcase in NO.^ emissions with in- 
creasing aromaticity, or conversely with decreasing fu(4 hydrogen content, is 
ui''’l'aPly the result of increasing flame temperatures, From figure 8. it can be 
e ! that maximum theoretical flame temperatures, as obtained from a com*. 

|t'i Cl piogiam described in reference I'J,, increase with decreasing fuel hydro- 
gc. - e.-nteni for both cruise and takeoff conditions At both takeoff and cruise, 
.•m,ssi-n.s of CO and unburned hydroearitons were very low. often witiiin the 
n.Ks of accuracy of (he instruments Combustion eff ieienei.'s. which are eom- 
piifcd from the CO and unhurned hydiocarbon ( mission ' allies, were 9t).S> per- 
!■ M or aboie for all (he fuels tested. 
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'J’hu ijcrformanc'o ut tlic three uil-^hale derived fuels did not differ signifi- 
c!!tntly from that of the petroleum-hnsed iuels-when eorrelated against fuel hy- 
drogen eon tent. 
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Idle 

Emissions of CO and unburned hydrocarbons . - Emissions of CO and un- 
burned hydrocarbons, at idle arc shown in figure 9. Although there is a great 
amount of scatter among the data, there is a slight trend toward increased 
emissions of CO and unburned hydrocarbons with decreasing fuel hydrogen 
content. Similarly combustion efficiencies, which are computed from the gas 
analyses, decreased slightly with decreasing fuel hydrogen content, as shown 
in figure 10. As pointed out before, the large scatter in the data points may be 
due in part to the effects of variations in fuel volability. 

Smoke . - Smoke numbers as a function of fuel hydrogen content are shown 
in figure 11. In the Jet A range smoke values at idle are very low. llow'cver, 
for hydrogen contents below 13 percent, smoke numbers increase rapidly with 
decreasing lucl hydrogen content. Thus, while smoke emissions at idle arc 
not normally considered objectionable with fuels in the Jet A range, smoke 
could become a serious problem ii the fuel hydrogen content were reduced to 
values of 12 percent or lower. 


CONCLUDING REMARKS 

lests conducted with a single-c;an JT8D combustor with a number of fuels 
exhibiting wide variations in volatility and chemical compositon revealed two 
potential problem areas, increased liner temperatures and increased emissions 
of smoke with decreasing fuel liydrogen content. Other parameters, such as 
emissions ol NO^, CO, and unburned hydrocarbons, exhibited only minor chimges 
as either the hydrogen content or the volatility of the fuel was decreased. How- 
ever, altitude blowout and relight W’ere not investigated in this program, and it is 

quite likely that decreases in volatility will have a significant effect on these 
parameters. 
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TABLE I. - TEST CONDITIONS 


Condition 

Idle 

Cruise 

Takeoff 

Combustor- inlet 

2 

pressure, N/cm 

27.3 

71.0 

176.5 

Combustor- inlet 
temperature, °K 

400 

621 

714 

Fuel- air ratio 

0.0100 

0.0138 

0.0182 

Airflow, kg/ sec 

1.84 

■ 1 . j 

3.57 

7.46 
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TABLK U. - TKST FUKLK 


Fuol blondod wiUi M A 

Percent 
by weight 
of fuel 
blended 
with 
Jet A 

Hydrogen, 
percent 
by weight 

Aromatlea, 
percent by 
voluin^i 

Bolling 

range, 

°K 

Bower 

heating 

value, 

c»1/b 

Vlicoiity 
at 311° K, 

m2 A 

B-x XO® 
5 

Prlftelpoi fuel 
character iatlc 

Jot A 

100 

13.9 

17.2 

411 - S31 

10 350 

1.6 

Bdge fuel 

Toluenu 

30.2 

12.3 

40.9 

375 - 526 

10 134 

l.l 

Single- ring aromattc 

Methyl cyclohexane 

100 

14.4 

— — 

374 

10 363 

0.7 

Slngji*-ring nephthene 

Xylene bottsme 

41.9 

12.1 

52.0 

414 - 528 

10 143 

1.4 

Two- and three-ring 
aromatica 

Naphthalene charge atock 

23. 6 

12.0 

34.0 

428 - 540 

10 187 

1.8 

Two- and three- ring 
aromatica 

Xylene 

19.9 

13.0 

32.7 

400 - 532 

10 237 

).2 

Sin^o-ring aromatic . 

Xylene 

41.9 

12.0 

50.3 

394 - 631 

10 104 

1.0 

Single- ring aromatic 

Shale-oil JP-5 

100 

13,7 

24.2 

417 - 533 

10 332 

1.6 

Sync rude- derived fuel 

Shale-oil JP-4 

100 

14.5 

12.7 

318 - 488 

10 338 

0.8 

Syncrude-derived fuel 

Shale-oil Marine Dieael 

100 

13.0 

30.6 

481 - 637 

10 177 

5.2 

Sync rude- derived fuel 

Dceolln 

100 

13.1 

— 

433 - 479 

10 146 

2.2 

Double- ring naphthene 

Shell Jet A 

100 

13.5 

21.4 

381 - 536 

1 

10 316 

1.6 

Alternate eource Jet A 

Soltrol 130 

100 

15.3 

— 

438 - 478 

10 661 

1 

1.7 

Low-boiling paraffinic 

Hi Bol 3 

61,6 

11.8 

59.1 

406 - 510 

10 162 

1 

l.l 

Mixture aingloring 
aromatica 

Tetralln 

40 

12.1 

34.9 

442 - 531 

- 10 193 

1.6 

Two- ring aromattc, 
partially hydrogenated 

Tetralln 

GO. 4 

11.0 

63.5 

422 - 522 

9 947 

1.3 

Two- ring aromatic, 
partially hydrogenated 

Texam Dieael 

100 

12.4 

38.0 

450 - 597 

10 179 

2.6 

High- aromatic Dieael 
fuel 

Sohio Dieael 

100 

13,5 

17.4 

467 - 563 

:0 318 

2.6 

Low- aromatic Dieael 
fuel 

#2 Homo-heating oil 

100 

11.8 

54,5 

439 - 578 

10 12S 

2.2 

High- aromatic heating 
oil 
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Maximum flame temperature. 
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Combustion efficiency, percent 




